The imprinted polymers based on a transient complex formation between methacrylic acid and template molecules were prepared by using methacrylic acid and ethylene dimethacrylate as a cross-linking agent. The template molecules used were (R,R)-cyclohexanediamine (1), (S,S)-1,2-diphenylethylenediamine (2) and (S)-1,1′-binaphthyl-2,2′-diamine (3). Another group of templates were those in which the amino group of these templates had been substituted by the hydroxy group: (R,R)-1,2-cyclohexanediol (4) and (S,S)-hydrobenzoin (5). Racemic 2 was separated by the polymer prepared with template 2 (P2) and that with template 1 (P1). Template 2 is larger than template 1 in steric bulkiness, but P1 was effective for the enantiomer separation of racemic 2. P1 was not effective for the separation of racemic 4. Enantioselectivity observed in racemic 2 in P2 was higher than that in racemic 1 in P1. P2 has no definite predetermined shape for solute 1, but it was capable of separating racemic 1. This separation should be thus ascribed to the orientation of at least two carbonyl groups reflecting the conformation of template 2 in P2 cavity. Racemic 5, having the same configuration of the two bulky phenyl groups as that of solute 2, was separated in P2. When the primary amines such as propylamine, cyclohexylamine and 1-adamantanamine were added into the acetic acid-methanol mixures as eluents, both enantioselectivity and retentivity for racemic 2 were enhanced along with the remarkable peak tailing.
Introduction
The molecular imprinting (MI) method is a sophisticated means for constructing an enantioselective cavity, in which the particular enantiomeric molecule is embedded and bound in a definite spatial arrangement, in a highly cross-linked polymer. 1, 2 The cavity has a definite three-dimensional structure and binding sites arranged in a predetermined orientation to fit the shape and functional groups of the enantiomer. Polymers of methacrylic acid, highly cross-linked with ethylene dimethacrylate, provide such specific binding sites for the enantiomer when using it as a template to be removed after polymerization. 3, 4 The cavity containing carboxyl groups of methacrylic acids should entrap the enantiomeric template in a stronger extent than another antipode under the defined spacial orientation between their functions. This enantiomer recognition is based on different stability in diastereomeric interactions, similar to that which uses chiral ring and cage molecules 5, 6 such as crown ethers, cyclodextrins, cryptates and cyclophanes. These host molecules also have spacially restricted cavities where various guest molecules are included.
The MI method, however, provides molecular recognition greatly different from that performed with these host molecules, because the template molecule to be recognized is a prerequisite for preparing the specific cavity. This should give rise to a decisive drawback for this method and, thus, in order to overcome it, the cavity prepared has been examined for recognition of other molecules different from the template but similar to it. That is, the extent to which the cavity can be misled by other molecules having a shape and functionality different from the original template has been studied. The results for the imprinted polymers of sugars using reversible boronate ester formation, 7, 8 suggest that the orientation of the functional groups inside the cavity is the dominating factor and that the shape selectivity is of secondary importance. 9, 10 This paper reports the misleading of the cavity in liquid chromatography using the imprinted polymers. Thus, through an extent of misleading for various molecules closely similar to the template, the origin of the selectivity in the MI method will be reconsidered as regards the two factors mentioned above: orientation of the functional group contained in the cavity and three-dimensional structure of the cavity embedded in the crosslinked polymer network. In addition, a chromatographic technique for enhancing the selectivity in the MI method will also be presented. For these purposes, we made the polymers highly cross-linked with ethylene dimethacrylate and noncovalently imprinted with chiral 1,2-diamines and 1,2-diols in each, as the templates. We also examined the enantiomer separation of racemic templates and other molecules different from them, but similar in some aspects as well. 11, 12 A mixture of 1 mmol of the template, 4 mmol of methacrylic acid as a functional monomer, 16 mmol of ethylene dimethacylate as a cross-liking agent and 0.2 mmol of 2,2′-azobis(isobutyronitrile) in 10 ml of chloroform was immersed in an ultrasonic bath for 10 min and bubbled with argon for an additional 10 min. After a period of 16 h of heating of the mixture at 60˚C, blocked polymer was obtained. This was crushed by a mill and the powder obtained was sieved to collect the particles of 38 -75 µm in diameter. The particles were sedimented with both methanol and acetnitrile repeatedly in order to remove the fine particles, smaller than 38 µm. The precipitating portion was collected and dried under reduced pressure. Divinylbenzene was used as an alternative crosslinking agent (this polymer will be abbreviated as P6 in the Results and Discussion section).
Experimental

Synthesis of highly cross-linked polymers
Liquid chromatography
The prepared particles were packed into the pieces of stainlesssteel tubing (1 mm i.d. × 250 mm) with the usual slurry technique.
Liquid chromatography was carried out by the in-house system containing LC-5A (Shimadzu Scientific Co.) as a pump, SPD-2AM (Shimadzu Scientific Co.) as a UV detector equipped with a 1 µl cell, and RI-98 (Labo Systems Co.) as a refractive index detector equipped with a 7 µl cell. The column temperature was maintained with a column oven CS-300C (Chromato Science Co.) at either 25 or 35˚C. The flow rate of the eluent was maintained at either 60 or 100 µl/min.
Results and Discussion
The MI method originating from Mosbach et al. 3 is based on a transient complex formation between functional monomers such as a methacrylic acid and a template molecule. The thermodynamic stability of these complexes in reaction mixtures used for polymerization determines the degree of selectivity of the imprinted polymers for the template. The chiral diamines used as template molecules were (R,R)-cyclohexanediamine (1), (S,S)-1,2-diphenylethylenediamine (2), and (S)-1,1′-binaphthyl-2,2′-diamine (3). Other templates were those in which the amino group of these templates were substituted by the hydroxy group: (R,R)-1,2-cyclohexanediol (4) and (S,S)-hydrobenzoin (5).
Methacrylic acid forms electrostatic interaction with the former diamine templates and hydrogen-bond interaction with the latter diol templates. This is a usual and formal explanation for the interaction between the functional monomer and the template. However, these two kinds of solutes can not be categorized with such a big difference in binding interaction toward methacrylic acid, since the hydrogen bond interaction includes electrostatic interaction into its deconvoluted binding force. 13 The fact that the former makes the hydrogen-bond interaction stronger than the latter, especially in organic solvents, preventing dissolution of the methacylic acid should be taken into consideration.
The imprinted polymers using methacrylic acid as a functional monomer and ethylene dimethacylate as a cross-linking agent were prepared according to the procedure optimized by Shea et al. 11, 12 The templates used were 1, 2, 4 and 5. In Tables 1 and  2 , P1 -P5 stand for the polymers prepared by using templates 1 -5, respectively. Table 1 shows the results of the separation of racemic mixtures of the above templates and racemic 1-phenylethylamine (6) with the imprinted polymers as sorbents in liquid chromatography. Solute 6 will be considered to have a structure of half of template 2. In the MI method, molecular recognition is performed on the basis of the different bindings of enantiomers to the chiral cavity embedded into the highly cross-linked polymers.
Such binding processes can be influenced by the following structural factors: 1) binding strength between the functional monomer and the guest molecules, 2) conformational flexibility of the guest molecules, 3) accuracy and precision of the orientation of functional groups contained in the cavity, 4) accuracy and precision of the threedimensional shape of the cavity toward the template molecules and 5) mechanical flexibility of the cross-linked polymer networks.
The chemical nature of one enantiomer is the same as that of another antipode so that factor 2 is identical for these two enantiomers. Factor 5, determining the accessibility toward the cavity existing in the interior of imprinted polymers, is also identical because the polymer network itself is achiral. Factor 1 should be identical for the two enantiomers when they interact with the achiral functional monomers in the solution, but should be different when they are in the cavity. This will, however, be subordinated to factor 3 because the binding strength is determined by the orientation of the two functions facing each other inside the cavity. Thus, enantiomer separation should precisely allow the extract of factors 3 and 4, and one must consider which factor is dominant for determining the selectivity of enantiomeric molecules in the MI method.
In Table 1 , P1 shows enantiomer separation for racemic 1 and 2 when using 1% acetic acid in methanol as an eluent. P1 prepared with (R,R)-1 as the template retained (R,R)-1 as an enantiomeric solute to a greater extent than the corresponding antipode. Racemic 1,2-cyclohexanediol (4) was not separated at all, though the solvent strength was lessened in order to give it a capacity factor similar to that obtained for racemic 1. Template 1 takes place at a gauche conformation where a torsion angle of N-C-C-N is +60.4˚ (1a), which was estimated by a molecular mechanics calculation using a MM2 emprical force field, 13 as illustrated in Fig. 1 . P1 probably stores the conformation of (R,R)-1 in its memory, that is, the clockwise twist of the two adjacent amino groups in the cavity containing at least two carboxyl groups, and thus is not easily capable of accepting a counterclockwise twist of (S,S)-1. The separation factor obtained was 1.2, which is not so high, however, it indicates that the cyclohexane ring is too small to define the orientation of their two amino groups toward the two carboxyl groups situated inside the cavity.
Solute 2, having the same junction of 1,2-diamine as that for solute 1, could be separated with P1 though the separation factor obtained was smaller than that for solute 1. This indicates that solute 2 enters into the cavity generated by template 1 and interacts with the inner two carbonyl groups in spite of the fact that its steric bulkiness is higher than that of solute 1.
A single bond connecting two asymmetric carbons of solute 2 can rotate flexibly, in contrast to that of solute 1. When the torsion angle formed by the two asymmetric carbons and the two bulky phenyl groups C-C-C-C is driven at 10˚ resolutions within a whole angle space, three major conformers can be found: one anti-conformation (2a) and two gauche conformations for the two phenyl groups. The latter contains one gauche-(2b) and another anti-conformation (2c) for the two amino groups, as illustrated in Fig. 2 . The anti-conformer 2a is the most stable among these conformers; its N-C-C-N torsion angle is estimated at 66.1˚ by the aforementioned molecular mechanics calculation. Since conformer 2a of (R,R)-2 has a clockwise twist of +66.1˚ for its two amino groups, similar to that of (R,R)-1, this conformer can orient the carboxyl groups in P1 cavity. In contrast, since the gauche-gauche conformer of (S,S)-2 has a clockwise twist for the amino groups, the same as that of (R,R)-2, this conformer can also properly orient to the functions. Unfortunately we could not determine the elution order in racemic 2 because of its small separation factor. It seems likely that (S,S)-2 is retained more strongly than (R,R)-2 for P1 because the gauche conformation of the two phenyl groups in the former can produce less spatial compactness than that of the latter.
P2 showed enantioselectivity for racemic 2 where (S,S)-2 was retained more strongly than (R,R)-2, as illustrated in Fig. 3 . This separation factor was higher than that observed for racemic 1 with P1; this indicates that the steric bulkiness produced by two phenyl groups substituted on two asymmetric carbons of solute 2 enhanced the selectivity in the imprinted polymers. Template (R,R)-2 has two major conformers: anti-gauche conformer 2a and gauche-gauche conformer 2b in two phenyl and two amino groups, respectively, as mentioned above. The steric energy difference between conformer 2a and conformer 2b is small (0.27 kcal/mol). Their Boltzmann populations are 60.4 and 38.6% at 25˚C and 59.0 and 39.5% at 60˚C, the latter temperature being applied for the heat polymerization of the functional monomers. Both shape and orientation of the functional groups of the two conformers should be thus memorized inside P2 polymer. This cavity should have enough three-dimensional space to accept solute 1, which is smaller than solute 2. P2 has, in other words, no definite predetermined Table 2 Separation of racemic 1,2-diamines and 1,2-diols with the highly cross-linked polymers imprinted with (S,S)-1,2-cyclohexanediol (4) and (R,R)-hydrobenzoin (5) a a. The conditions are described in Fig. 3 shape for solute 1 but was capable of separating racemic 1. This indicates that the orientation of at least two carbonyl groups reflecting the conformation of (R,R)-2 in P2 cavity can recognize solute 1 having the same configuration of the two amino groups as that of solute 2. The misleading study for P2 was carried out with 1,2-hydrobenzoin (1,2-diphenyl-1,2-ethanediol, 5), which was successfully resolved with a separation factor of 1.3. The most retained enantiomer was (S,S)-5, which has the same configuration as that of template 2. Because the hydroxy groups can make weaker hydrogen-bonds than the amino groups with the carboxylic acid, solute 5 had retentivity weaker than that of solute 2 for P2. The eluent used was thus a 20% chloroform-hexane mixture containing 0.1% methanol.
1-Phenylethylamine (6), reflecting a half structure of solute 2, showed no separation at all with P2. If the conformational shape of (R,R)-2 containing two phenyl groups attached to two adjacent asymmetric carbons should be definitely duplicated into its cavity, racemic 6 must have been separated.
The above observation for enantiomer separation using P1 and P2 clearly recalls the results that the orientation of the functional groups inside the cavity is the dominating factor and the shape selectivity is only of secondary importance, according to the literature. 9, 10 It seems likely that, when the amino group of solute 6 is bound to the carboxylic acid in the P2 cavity, its phenyl group can rotate freely around the asymmetric carbon and then the stability difference between the enantiomers is probably lost.
As shown in Table 2 , P4 prepared with template (R,R)-4 could not separate racemic 4 at all. Though P5 with (S,S)-5 separated racemic 5, their elution order could not be clarified because of the very small separation factor observed. If (S,S)-5 should make stable and preorganized complexes with methacrylic acids, solute 2 will probably be separated, because solute 2 has the same conformational distribution as those of solute 5 and binds more strongly to the functional groups of the cavity than solute 5 does. No separation for solute 2 with P5 might indicate that the three-dimensional shape of template 5 reflecting its conformation can not be completely duplicated inside the cavity.
Template 3, (S)-1,1′-binaphthyl-2,2′-diamine, is an atropisomer and thus has a conformation different from other templates having asymmetric carbons. P3 with template 3 showed enantiomer separation for racemic 3 whose separation factor was only 1.3. This low selectivity for solute 3 can probably be ascribed to weak binding of template 3 to methacrylic acid, because template 3 is an aromatic amine whose basicity is generally weaker than that of an alkyl amine such as template 1 and 2, and to difficulty in making a welldefined cavity covering the remarkably twisting conformation of template 3.
It seems likely that a more strongly defined cavity enveloping tightly the target enantiomers, probably existing in a deeper region of the polymer, provides more effective recognition for enantiomers. The enantiomers can not, however, easily gain access to such an effective cavity because of the resistance of the highly cross-linked polymer network and, on the contrary, the cavity can not easily allow them to leave once they have been entrapped in it.
Since rapid sorption-desorption equilibrium can not be thus performed in chromatography using the imprinted polymers, only limited column efficiency for MI chromatography is usually obtained.
Higher column temperatures should provide more effective separation for the enantiomeric solutes and should enhance their retentions. This has to be brought about by the following means; high temperature makes the network flexible and then enhances accessibility for the effective cavity. When using 0.1% acetic acid-methanol mixture in P2, capacity factors of the least retained enantiomer and separation factors of racemic 2 were observed for three different column temperatures: 8.9 and 2.8 at 25˚C, 9.2 and 3.0 at 35˚C and 9.4 and 3.1 at 45˚C. Both of them were slightly but definitely enhanced with increase in column temperatures.
We already know the effect of cross-linking agents for the polymer network flexibility; substitution of ethylene dimethacylate to divinylbenzene decreases the flexibility, followed by a decrease in the selectivity for solutes. In the case using template 2 and under the same conditions as those used in P2, this substitution showed a separation factor lower than that using ethylene dimethacylate: the separation factor for racemic 2 was 2.5 and the capacity factor for the least retained enantiomer was 4.2 in this imprinted polymer (P6).
Enhancement of the enantioselectivity was performed by using primary amines as an additive in the eluent. Table 3 shows the results of enantiomer separation of racemic 2 with P2 when using acetic acid-methanol mixtures containing 0.1% concentration of the following primary amines: 1-adamantanamine (7), cyclohexylamine (8), 1-propanamine (9) and 1,8-diaminonaphthalene (10). Racemic 2 was separated with 2% acetic acid in methanol containing additive 7 and their separation factor became as high as 9.7. Addition of the primary amine into the eluent prolonged remarkably retention of the enantiomers.
The least retained enantiomer (R,R)-2 provided a capacity factor of 9.9, while the most retained one could not be found within a reasonable retention time, using 0.5% acetic acid-methanol mixture containing additive 7. This result can be compared with retention and separation for racemic 2 with P2, as has been already demonstrated in Table 1 . We have at first considered as follows how the additive might affect enantiomer separation. Table 3 Enhancement of enantioselectivity for racemic 2 by addition of 0.1% concentration of primary amines (1-adamantanamine (7), cyclohexylamine (8) and 1-propanamine (9)) and an aromatic amine (1,8-diaminonaphthalene (10)), in each, into acetic acid-methanol mixtures as the eluents with P2 a a. The conditions are described in Fig. 3 except for another concentration of acetic acid. b. Abbreviations for the primary amines described in the scheme of the Results and Discussion section. c. Capacity factor for the least retained enantiomer. d. Asymmetric factor for the most retained enantiomer, measured with 10% peak height, which is determined by a quotient, the length of the rear part divided by that of the front part of the peak. e. The most retained enantiomer was not detected within 6 h at a flow rate of 60 µl/min and thus its separation factor was estimated to be at least larger than 12. f. These data could not be obtained because of no elution of the most retained enantiomer. carboxylic acid contained in the cavity whose shape loosens for the template and is larger than that of template 2. Thus, this amine should be embedded into a less selective cavity. In other words, the solute should be required to reach a well-defined cavity probably existing in a region farther from the outer surface of the polymer when the primary amine was added into the eluent. However, additives 8 and 9, whose steric bulkiness is not so high compared to 7, were also effective to enhance separation and retention for racemic 2, as shown in Table 3 .
When using 0.5% acetic acid-methanol, the most retained (S,S)-2 had a peak asymmetric factor of 1.5, measured with 10% peak height, which is defined as a quotient of the length of a rear part divided by that of a front part of the peak. The asymmetric factor, observed for the case using 2% acetic acid-methanol containing additive 7, was 11.9, indicating that the peak has tailing longer than that in the case using 0.5% acetic acid-methanol mixture without the additive. This tailing is ascribed to slow desorption of the solute from the cavity relative to its rapid sorption. Retentivity for the solute was enhanced clearly by addition of the primary amines whose steric bulkiness is independent of the extent of its enhancement. Additive 10 has two aromatic amine groups instead of the alkyl amine groups of other additives. When this additive was applied for the case using 0.5% acetic acid-methanol mixture, separation factor between racemic 2 and retentivity for the most retained enantiomer were enhanced but these extents were smaller than those obtained with other alkyl amines as the additive. The above enhancement phenomena should be thus attributed to a binding affinity of the amino group toward the carboxyl groups existing inside the cavity.
Unfortunately, we can not resolve this phenomenon because we do not understand why competition between the additive and the solute to bind to the carboxylic acid gives rise to lengthening retention of the solute. Such competition is usually considered as a factor for lessening retention of solutes although the competition may possibly enlarge the selectivity between two different solutes when the least retained solute was affected by the additive more strongly than the most retained solute.
In conclusion, racemic 1 and 2, were separated by P1 and P2 imprinted with template 1 and 2, respectively. Enantioselectivity observed for P2 was higher than that for P1. Template 1 is smaller than 2 in steric bulkiness, but P1 was effective for enantiomer separation of racemic 2. When the primary amines such as 1-adamantanamine were added into the acetic acid-methanol mixures as an eluent, both enantioselectivity and retentivity were enhanced though the remarkable peak tail appeared.
This enhancement was independent of steric bulkiness of the amine additive.
